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INTRODUCTION 

The ques t ion  of design cri teria f o r  a c t i v e  c o n t r o l  t r a n s p o r t s  is one of 
t h e  key i s s u e s  involved i n  t h e  design. The reason f o r  t h i s  is t h a t  i f  one is 
t o  r e a l i z e  b e n e f i t s  i n  t h e  form of increased range, decreased weight,  e t c . ,  
he  must be a b l e  t o  apply design c r i te r ia  which take  i n t o  cons idera t ion  t h e  
design improvements a f forded  by a c t i v e  cont ro ls .  The work presented i n  t h i s  
paper draws heavi ly  from the r e p o r t  of an indus t ry  panel sponsored by NASA i n  
1972-73 t o  s tudy  v e h i c l e  design cons idera t ions  f o r  a c t i v e  c o n t r o l  a p p l i c a t i o n s  
t o  subsonic t r a n s p o r t s .  This work i s  soon t o  b e  published i n  a NASA document, 
re fe rence  1. Addit ional  background m a t e r i a l  has been drawn from references  2 
through 1 6 ,  which a r e  not  c i t e d  i n d i v i d u a l l y .  
def ine  what i s  meant by active c o n t r o l  and then d e f i n e  those func t ions  wiiich 
were considered by t h i s  panel  and should be considered i n  any d e t a i l e d  study 
of design c r i t e r i a .  Fie w i l l  a l s o  touch b r i e f l y  on t h e  FAA r e g u l a t i o n s  
governing t r a n s p o r t  a i r c r a f t  design.  

I n  t h i s  paper today w e  w i l l  

ACTIVE CONTROL TECHNOLOGY 
'4 

The ques t ion  of j u s t  what kind of an a i r p l a n e  conf igura t ion  s a t i s f i e s  t h e  
d e f i n i t i o n  of an a c t i v e  c o n t r o l  a i r c r a f t  is d i f f i c u l t .  Several  des igna t ions  
f o r  t h i s  type of a i r c r a f t  have been used ( f l y  by wire ,  CCV, e t c . )  but  an a i r -  
c r a f t  u t i l i z i n g  a c t i v e  c o n t r o l s  can, i n  genera l ,  b e  i d e n t i f i e d  as one i n  which 
s i g n i f i c a n t  i n p u t s  (over and above those of t h e  p i l o t )  are t ransmi t ted  t o  the  
c o n t r o l  s u r f a c e s  f o r  t h e  purpose of augmenting v e h i c l e  performance. These 
i n p u t s ,  der ived from v a r i o u s  sensors  and properly processed, can be u t i l i z e d  
t o  provide reduced t r i m  drag and t a i l  area through s t a b i l i t y  augmentation, 
reduce s t r u c t u r a l  f a t i g u e ,  a l l e v i a t e  maneuvering loads ,  suppress f l u t t e r ,  and 
improve r i d e  comfort. I f  appl ied i n  a meaningful manner e a r l y  i n  t h e  v e h i c l e  
design,  ACT can have a s i g n i f i c a n t  impact on v e h i c l e  weight and geometry, t h u s  
leading t o  t h e  des igna t ion  of a "control  configured vehic le"  (CCV) . 

The term "f ly  by w i r e "  d e s c r i b e s  a method of system implementation whereby 
e l e c t r i c a l  commands are used. This approach is  s u i t e d  t o  t h e  appl ica t io i l  of 
a c t i v e  c o n t r o l s  i n  t h a t  i t  provides an i d e a l  i n t e r f a c e  between t h e  b a s i c  
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command system and the sensor and s igna l  processing elements. 

One frequent ly  reads i n  the l i terature i t e m s  which would lead one t o  
be l ieve  tha t  the  ac t ive  cont ro l  t ranspor t  w i l l  be  a sudden and r a the r  d r a s t i c  
innovation from the  long l i n e  of t ransport  development over the  las t  40 years. 
As a matter of f a c t ,  it is not  a sudden t r ans i t i on ,  but a continuing growth i n  
the technology of t ransport  a i r c r a f t  design. Every modem day a i r c r a f t ,  t o  
some exten t ,  incorporates  some of those funct ions which w e  r a the r  loosely t ie  
together  under the  name of a c t i v e  cont ro l  technology. 
t he  e a r l y  twin engine t ranspor t s  t h a t  t he  p i l o t  had d i f f i c u l t y  exer t ing  
s u f f i c i e n t  s t i c k  force  t o  move the  cont ro l  surfaces  of t he  a i r c r a f t .  The 
designers r a t h e r  ingeniously provided the p i l o t  with aerodynamic t abs  i n  
order  t o  reduce h i s  workload and make the a i r c r a f t  easier t o  control .  A s  air- 
craft  continued t o  grow, hydraulic-powered cont ro l  systems were implemented. 
Although these ea r ly  systems were designed i n  a manner which st i l l  provided 
the  p i l o t  with a mechanical l inkage t o  the surface i n  the  event of hydraulic 
f a i l u r e ,  the modern day t ranspor t s  ( the DC-10, L1011, the  747)  now completely 
depend on the hydraulic system, and the  designer (and the  p i l o t )  must r e l y  on 
the  r e l i a b i l i t y  of the redundant sys tems which supply the power f o r  the 
control  surfaces.  

It became apparent i n  

Along with t h i s  r e l i ance  on hydraulic systems, the p i l o t  has a l so  
experienced an increase i n  cockpit  workload from @he many other  systems which 
must function properly f o r  t he  economical and s a f e  operation of the l a rge  
t ransport  a i r c r a f t .  In  re turn ,  f l y ing  q u a l i t i e s  and comfort have improved, 
reducing p i l o t  e f f o r t  and fa t igue .  The p i l o t s  are slowly learning t o  accept 
the f a c t  that ce r t a in  c r i t i c a l  conditions must be automatically detected and 
appropriate  remedial ac t ion  taken without p i l o t  a c t i v i t y .  
then, t he  incorporation of fu r the r  ac t ive  cont ro ls  on the t ranspor t  a i r c r a f t  
i s  not  a sudden t r ans i t i on  but  a steady progression toward a more modem and 
e f f i c i e n t  t ranspor t  design. 

In  t h i s  context 

Design c r i t e r i a  and FAA sa fe ty  regulat ions have general ly  responded t o  
design innovations such as a c t i v e  cont ro l  r a the r  than leading these  technical  
advances. It is important a t  this t i m e ,  with ac t ive  controls  of various kinds 
becoming more and more common, that design criteria and Federal s a fe ty  
regulat ions lead the  e f f o r t  r a t h e r  than follow these new designs. 
concluded tha t  most of the  immediately ava i lab le  ac t ive  cont ro l  techniques 
have been w e l l  explored theo re t i ca l ly  and, i n  f a c t ,  have been and are being 
demonstrated each day on a wide var ie ty  of experimental and mi l i t a ry  a i r c r a f t .  
This demonstration program i s  i l l u s t r a t e d  i n  Table 1. 

The panel 

The important conclusion t o  be drawn from t h i s  t ab le  i s  t h a t  when d is -  
cussing ac t ive  con t ro l  technology, one i s  deal ing with a technology which i n  
some cases i s  w e l l  advanced, ;including operat ional  experience on t ransport  
a i r c r a f t .  Certainly i f  one compares t h i s ,  say f o r  instance,  t o  the 
introduct ion of j e t  engines on a i r c r a f t ,  one would be forced to  the  conclusion 
t h a t  the  r e l a t i v e  state of readiness of ac t ive  controls  approaches t h a t  of je t  
engines a t  the t i m e  they w e r e  introduced i n t o  commercial a i r c r a f t .  It is a l so  
important to  note ,  however, the  d i spa r i ty  between the s t a t u s  of various 
functions.  For instance,  t he  yaw damper is w e l l  received and i n  f a c t  may be 
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mandatory f o r  s a f e  handling q u a l i t i e s ,  and has  many thousands of t r a n s p o r t  
f l i g h t  hours behind it. 
only i n  its infancy. 
active c o n t r o l  technology n o t  as an a l l - i n c l u s i v e  b lanket  a d d i t i o n  t o  an air-  
c r a f t ,  b u t  i n  a s t e p  by s t e p  procedure wi th  each new subsystem being c a r e f u l l y  
v e r i f i e d  on t h e  b a s i s  of c o s t  e f f e c t i v e n e s s ,  need, and r e l i a b i l i t y .  

On the o t h e r  hand, f l u t t e r  c o n t r o l  is by comparison 
This l e a d s  t o  t h e  conclusion that w e  must approach 

The above t a b l e  does n o t  consider  t h e  experience gained i n  t h e  many 
missiles and s p a c e c r a f t ,  b o t h  manned and unmanned, which have flown wi th  
complete automatic c o n t r o l  and hands-off operat ion.  
launch t o  splashdown is a demonstration of active c o n t r o l  technology. The 
r a p i d l y  increas ing  technology of remotely p i l o t e d  v e h i c l e s  is  also quickly 
adding t o  the storehouse of knowledge on how t o  t a k e  o f f ,  land,  and naviga te  
i n  a hands-off, completely automatic  mode. Indeed, one must consider  that 
more than 25 years  ago t h e  f i r s t  hands-off f l i g h t  of an aircraft w a s  
demonstrated from takeoff  t o  landing.  

Every Apollo mission from 

ACTIVE CONTROL FUNCTIONS 

Relaxed Inherent  S t a b i l i t y  

Relaxed i n h e r e n t  s t a b i l i t y  i s  convent ional ly  def ined as a reduct ion  i n  
t h e  s t a b i l i t y  of t h e  short-per iod a t t i t u d e  modes of rigid-body a i r c r a f t  motion. 
That is, reduct ions i n  inherent  s t a b i l i t y  r e s u l t  from t h e  reduct ion of aerody- 
namic r e s t o r i n g  moment w i t h  r e s p e c t  t o  angle  of a t t a c k  o r  angle  of s i d e s l i p  o r  
a reduct ion of aerodynamic damping f o r  the unaugmented (basic)  a i r c r a f t .  I n  
p r i n c i p l e ,  re laxed i n h e r e n t  s t a b i l i t y  can a l s o  r e f e r  t o  reduct ion  i n  s t a b i l i t y  
f o r  o t h e r  modes of a i r c r a f t  motion. 

This i s  a very  important depar ture  because t h e  b a s i c  s t a b i l i t y  parameters 
i n  both  t h e  p i t c h  and yaw axes have e s t a b l i s h e d  t h e  cr i ter ia  f o r  a consider- 
a b l e  p o r t i o n  of t h e  a i r c r a f t  design. It is, however, one of t h e  p r i m e  areas 
f o r  t h e  a p p l i c a t i o n  of a c t i v e  c o n t r o l  technology. D e s i r a b i l i t y  of re laxed 
inherent  s t a b i l i t y  arises from t h e  p o s s i b i l i t y  that wi th  smaller t a i l  volumes 
s i g n i f i c a n t  reduct ions i n  t o t a l  a i r c r a f t  drag and gross  weight can be r y a l i z e d  
with i n v a r i a n t  payload and mission. This i s  s u b s t a n t i a t e d  by t h e  r e s u l t s  of 
i n d u s t r y  ATT and AST s t u d i e s  which show t h a t  re laxed  inherent  s t a b i l i t y  com- 
bined with c e n t e r  of g r a v i t y  c o n t r o l  o f f e r s  t h e  l a r g e s t  payoff f o r  t h e  air-  
c r a f t  in terms of g r o s s  weight reduct ion.  

P i t c h  S t a b i l i t y  

Relaxed l o n g i t u d i n a l  s t a b i l i t y  i s  one of t h e  l a r g e s t  areas of p o t e n t i a l  
We b e n e f i t  t o  be der ived from t h e  a p p l i c a t i o n  of a c t i v e  c o n t r o l  technology. 

w i l l  n o t ,  i n  t h i s  paper,  go i n t o  t h e  d e t a i l s  of how one implements a c t i v e  
c o n t r o l s  f o r  t h e  re laxed  s t a b i l i t y  condi t ion,  b u t  w e  w i l l  d i s c u s s  some of t h e  
design cri teria involved. F i r s t ,  the b a s i c  cons idera t ions  inf luenc ing  wing 
l o c a t i o n  and h o r i z o n t a l  t a i l  s u r f a c e  s i z e  and l o c a t i o n  are a f f e c t e d .  The 
h o r i z o n t a l  t a i l  area, f o r  ins tance ,  i s  normally set f o r  a conventional design 
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t o  m e e t  s t a b i l i t y  and c o n t r o l  requirements over t h e  d e s i r e d  center of g r a v i t y  
range, Typical ly ,  the forward center of g r a v i t y  l i m i t  t a i l  area requirements 
have been set by t r i m  c a p a b i l i t y  o r  by c o n t r o l  requi red  t o  develop maximum 
l i f t  i n  t h e  landing conf igura t ion .  
of c o n t r o l  system s e l e c t e d ,  i .e.,  s e p a r a t e  t r i m  and c o n t r o l  s u r f a c e s  o r  a 
s i n g l e  s u r f a c e  providing both c o n t r o l  and t r i m .  A f t  C.G. l i m i t  requirements 
have g e n e r a l l y  been set by minimum levels of s t a t i c  l o n g i t u d i n a l  s t a b i l i t y ,  
For t h e  active c o n t r o l  re laxed s t a b i l i t y  design,  t h e  h o r i z o n t a l  t a i l  area may 
be set by e i t h e r  t h e  landing case o r  by t h e  p i t c h i n g  moment required f o r  take- 
o f f  r o t a t i o n  a t  forward C.G. and by t h e  reduced level of s t a b i l i t y  o r  by t h e  
p i t c h i n g  a c c e l e r a t i o n  requi red  f o r  c o n t r o l  i n  t h e  presence of g u s t s  and other  
e x t e r n a l  d i s turbances  a t  a f t  C.G. These p o i n t s  are i l l u s t r a t e d  i n  Figure 1. 
The active c o n t r o l l e d  a i r c r a f t  i s  rebalanced w i t h  a f a r t h e r  a f t  cen ter  of  
g r a v i t y  range and a smaller h o r i z o n t a l  t a i l .  

The c r i t i ca l  condi t ion  depends on the type 

The d e f i c i e n c i e s  i n  inherent  s t a b i l i t y  might be compensated f o r  by 
augmenting C h  and CM . The degree of i n s t a b i l i t y  a l lowable w i l l  be  de te r -  
mined n o t  only by increaging s t a b i l i z a t i o n  c o n t r o l  power requirements b u t  a l s o  
by t h e  v a r i a t i o n  of t r i m  drag. As t h e  balancing t a i l  load changes from a down 
load  t o  an up load ,  t h e  l o n g i t u d i n a l  component of t h e  t a i l  l i f t  v e c t o r  changes 
from a t h r u s t  t o  a drag, s i g n i f i c a n t l y  increas ing  t a i l  drag. Minimum t r i m  drag 
u s u a l l y  occurs  n e a r  zero  s t a t i c  margin, a s  i l l u s t r a t e d  i n  Figure 2.  The exact  
c e n t e r  of g r a v i t y  l o c a t i o n  f o r  minimum t r i m  drag i s  dependent on t h e  p a r t i c u l a r  
conf igura t ion  and even on t h e  wing aerodynamic design.  

As shown i n  t a b l e  1, some experience has  been gained with relaxed inherent  
s t a b i l i t y .  Many jet  t r a n s p o r t s  have augmented s ta t ic  l o n g i t u d i n a l  s t a b i l i t y  
where t h e  augmentation i s  a func t ion  of a i r speed .  However, the magnitude of 
r e l a x a t i o n  p o s s i b l e  w i t h  active c o n t r o l  w i l l  change t h e  design criteria. 
Perhaps one of the most d i s t u r b i n g  ideas  that accompanies t h i s  changing 
c r i te r ia  is that w e  have now replaced t h e  e a s i l y  c a l c u l a t e d  inherent  s t a b i l i t y  
requirement w i t h  a p o s s i b l e  p i t c h i n g  a c c e l e r a t i o n  requirement based upon t h e  
r a t h e r  u n c e r t a i n  magnitude of a i r p l a n e  response required under varying 
condi t ions  of f l i g h t  and l e v e l s  of atmospheric dis turbance.  

Flying q u a l i t i e s  cr i ter ia  may a l s o  be a f f e c t e d  by dependence on augmenta- 
t i o n ,  e s p e c i a l l y  i n  the p i t c h  axis. These w i l l  be discussed later. 

D i r e c t i o n a l  S t a b i l i t y  

As shown i n  t a b l e  1, t h i s  is t h e  area where a c t i v e  c o n t r o l  has  seen t h e  
l a r g e s t  and most widespread a p p l i c a t i o n  i n  t r a n s p o r t  a i r c r a f t .  W e  have seen 
the yaw damper (an augmented d i r e c t i o n a l  s t a b i l i t y  and c o n t r o l  system would 
more completely d e s c r i b e  t h e  systems c u r r e n t l y  f l y i n g  on l a r g e  t r a n s p o r t  air- 
c r a f t )  progress  from a system which was a n i c e  passenger comfort add-on 
f e a t u r e  t o  a system which must be opera t ing  i n  order  f o r  the a i r c r a f t  t o  be 
c leared  f o r  f l i g h t .  Despi te  t h i s ,  t h e r e  is  probably much less t o  be gained by 
relaxed d i r e c t i o n a l  s t a b i l i t y  than by re laxed  l o n g i t u d i n a l  s t a b i l i t y .  
v e r t i c a l  tai ls  are s i z e d  t o  provide s t a t i c  d i r e c t i o n a l  s t a b i l i t y ,  dynamic 
l a t e r a l - d i r e c t i o n a l  s t a b i l i t y ,  and asymmetric t h r u s t  cont ro l .  Minimum c o n t r o l  
speed cri teria are either c r i t i ca l  o r  c l o s e  t o  i t  i n  s i z i n g  t h e  vertical  t a i l  
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on most t ranspor t  designs with wing-mounted engines. Select ion of the minimum 
cont ro l  speed cr i ter ia  may be somewhat a rb i t r a ry ,  bu t  two things are general ly  
considered : 

1) 

2) 

The air  minimum cont ro l  speed must be less than the landing approach 
speed a t  a l l  gross weights. 
Ground and air minimum cont ro l  speeds may d i c t a t e  t he  minimum takeoff 
runway length and should be set t o  provide the desired capabi l i ty .  

With relaxed inherent  s t a b i l i t y  and i f  asymmetric t h r u s t  cont ro l  is no t  
l imi t ing ,  the  t a i l  s i z e  play be reduced t o  the  level where s t a b i l i z a t i o n  cont ro l  
o r  a i rp lane  cont ro l  response, as during a crosswind landing decrab maneuver, 
become l imi t ing .  
required.  

In  e i t h e r  case, new and unfamiliar design criteria are 

I 

Control of A i rc ra f t  Center of Gravity and I n e r t i a  

This area of ac t ive  cont ro l  has a l so  been growing r a the r  rapidly.  

1 

A t  
least one t ranspor t  a i r c r a f t  requi res  a sequence of wing f u e l  management i n  
order  t o  maintain t h e  necessary margins against  f l u t t e r .  Maintenance of t he  
C.G. within l i m i t s  on current  t ranspor t s  a l so  d i c t a t e s  ce r t a in  management 
sequences. It is  therefore  not a very grea t  s t e p  t o  add t o  these procedures 
some requirements f o r  maintaining an optimum C.G. l a ca t ion  and/or i n e r t i a  d i s -  
t r i bu t ion  f o r  t he  ac t ive ly  control led t ranspor t .  It is t h i s  d i s t r ibu t ion  of 
i n e r t i a  f o r  t he  e n t i r e  a i r c r a f t  as w e l l  as the equivalent C.G. loca t ion  which 
a c t s  with the cont ro l  sur face  ac t ive  control  system to  provide the optimum 
gains with relaxed inherent  s t a b i l i t y .  ! 

\ 

Automatic center-of-gravity cont ro l  can o f f e r  s ign i f i can t  design 

o Reduction of the design center-of-gravity range at given f l i g h t  
conditions may allow f u r t h e r  reduction i n  the  hor izonta l  t a i l  
volume coef f ic ien t  ( r e fe r  t o  the ind ica t ion  of "CG range" on 
f igu re  1)  

o Minimization of t o t a l  drag with respect to  center-of-gravity 
loca t ion  during c ru is ing  f l i g h t ,  as i l l u s t r a t e d  i n  f igu re  2. 

advantages in  the  following ways, 

Ride Quality 

Ride qua l i t y  cont ro l  r e f e r s  t o  automatic con t ro l  system funct ions which 
reduce t o  acceptable l e v e l s  t h e  accelerat ions t o  which passengers and crew are 
subjected. Factors such as low wing loading, poorly damped dynamic s t a b i l i t y ,  
s t r u c t u r a l  f l e x i b i l i t y ,  atmospheric turbulence, and high speed, low a l t i t u d e  
f l i g h t  a l l  contr ibute  t o  poor r i d e  comfort. 

Ride qua l i t y  problems have tended t o  be secondary consideragions with 
respect  t o  reso lu t ion  of s t r u c t u r a l  load and f l e x i b i l i t y  problems. 
i t  w a s  s t a t e d  by two members of the panel t ha t  r i d e  qua l i t y  is not  a major 
t rade f a c t o r  i n  design, because the c r i t e r i a  f o r  r i d e  qua l i t y  i n  the commercial 
environment are: 

\ 

I n  f a c t ,  
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o Ride must be merely acceptab le  t o  passengers 
o 

I n  addi t ion ,  t h e  aircraft must b e  r e a d i l y  c o n t r o l l a b l e  i n  turbulence.  
Ride must b e  competi t ive w i t h  contemporary commercial a i r c r a f t  

The c o n t r o l  techniques f o r  improving r i d e  q u a l i t y  are f a i r l y  w e l l  e s tab-  
l i s h e d  both  t h e o r e t i c a l l y  and opera t iona l ly .  Many commercial t r a n s p o r t s  have 
some degree of r i d e  q u a l i t y  c o n t r o l  provided by means of conventional c o n t r o l  
sur faces .  
even though t h e i r  fundamental purpose is t o  improve handl ing q u a l i t i e s .  

The yaw damper systems of modem j e t  t r a n s p o r t s  improve r i d e  q u a l i t y  

.Active c o n t r o l  f o r  g u s t  load  a l l e v i a t i o n  has  demonstrated g r e a t l y  reduced 
response t o  turbulence,  thus  assur ing  a g r e a t e r  comfort f o r  passengers.  A 
t y p i c a l  reduct ion  i n  a i r c r a f t  response t o  turbulence obtained during t h e  B52 
LAMS and CCV programs is shown i n  Figure 3 .  It w i l l  be noted t h a t  t h e  decrease 
i n  response t o  turbulence  i s  s e n s i t i v e  t o  the a i r c r a f t  s t r u c t u r a l  modes and 
t h a t  a uniform reduct ion  a t  a l l  f requencies  i s  impossible.  
d e a l  of d i scuss ion  among t h e  panel  members as t o  t h e  cr i ter ia  f o r  r i d e  q u a l i t y .  
While c e r t a i n  maximum l i m i t s  f o r  r i d e  comfort are r e l a t i v e l y  easy t o  e s t a b l i s h ,  
the panel decided t h a t  d e t a i l  cr i ter ia  f o r  r i d e  comfort s t i l l  need a consider- 
a b l e  amount of research  i n  order  t o  e s t a b l i s h  workable design criteria. I n  
either case it  is  doubt fu l  t h a t  r i d e  q u a l i t y  design cri teria w i l l  r e s u l t  i n  
weight savings,  s o  t h e  competi t ive pressure  'to supply a smoother r i d e  w i l l  
probably d i c t a t e  t h e  c o n t r o l  system design criteria. 

This l e d  t o  a good 

Load Control  

Load c o n t r o l  r e f e r s  t o  t h e  use of pass ive  o r  automatic  c o n t r o l  func t ions  
f o r  t h e  purpose of r e g u l a t i n g  t h e  n e t  load and d i s t r i b u t i o n  of load appl ied  t o  
the a i r c r a f t  s t r u c t u r e .  

There are f o u r  main f a c e t s  of load  cont ro l .  To some e x t e n t ,  a l l  must be 
considered s imultaneously t o  achieve a well-balanced design although some may 
receive considerably more emphasis than  o t h e r s .  Three f a c e t s  of load  c o n t r o l  
which a r e  s p e c i f i c a l l y  discussed i n  t h i s  subsec t ion  are maneuver load c o n t r o l ,  
g u s t  load  c o n t r o l ,  and f a t i g u e  damage c o n t r o l .  F l u t t e r  c o n t r o l  might a l s o  be 
included as a f o u r t h  f a c e t  of load c o n t r o l  because f l u t t e r  i s  t h e  r e s u l t  of a 
p a r t i c u l a r  kind of loading. F l u t t e r ,  however, t ends  t o  be d i s a s s o c i a t e d  from 
o t h e r  types of loading f o r  reasons which w i l l  b e  explained i n  t h e  f l u t t e r  con- 
t r o l  subsec t ion  which fol lows.  

The quest ion of load  c o n t r o l  w a s  perhaps as c o n t r o v e r s i a l  as t h e  ques t ion  
of re laxed  inherent  s t a b i l i t y ,  and several important p o i n t s  w e r e  r a i s e d  
regarding each type of load  cont ro l .  

Maneuver Loading 

Maneuver loading is t h a t  p o r t i o n  of f o r c e s  a c t i n g  on the a i r f rame which 
r e s u l t  from maneuvers required t o  maintain t h e  a i r c r a f t  on the intended f l i g h t  
path.  The d i s t r i b u t i o n  of t h i s  loading  over  t h e  a i r f rame can have a powerful 
e f f e c t  upon t h e  shear f o r c e s  and bending moments which must be t ransmi t ted  a t  

682 



given p o i n t s  i n  t h e  s t r u c t u r e .  
maneuver loading  o v e r  t h e  a i r f rame is maneuver l o a d  cont ro l .  
c o n t r o l  can have a s i g n i f i c a n t  impact upon s t r u c t u r a l  implementation and even 
upon conf igura t ion ,  

The a b i l i t y  t o  t a i l o r  t h e  d i s t r i b u t i o n  of 
Maneuver load 

The impact of t a i l o r i n g  maneuver load  d i s t r i b u t i o n  may be far-reaching. 
I f  t h e  maximum reduct ion  i n  f a t i g u e  loading is t o  b e  achieved, maneuver load  
c o n t r o l  would be d e s i r a b l e  during a l l  maneuvering. When appl ied  t o  t h e  wing, 
th is  u s u a l l y  impl ies  an "unloading" of the o u t e r  wing, thus reducing t h e  r o o t  
bending moment, as i l l u s t r a t e d  i n  Figure 4a. 
poss ib ly  b e  l i m i t e d  i n  c r u i s e  a l t i t u d e  by maneuver requirements such as those 
s p e c i f i e d  i n  t h e  B r i t i s h  Civ i l  Airworthiness Requirements. 
of the wing would tend t o  reduce maneuver c a p a b i l i t y ,  p a r t i c u l a r l y  i f  wing 
s t a l l i n g  occurs  inboard.  
loading o r  d i c t a t e  a new approach t o  wing aerodynamic design. This s i t u a t i o n  
may be avoided by u t i l i z i n g  maneuvering f l a p s  t o  i n c r e a s e  l i f t  on t h e  inboard 
p o r t i o n  of the wing, Figure 4b. Addi t iona l  aerodynamic and s t r u c t u r a l  design 
cons idera t ions  would s t i l l  b e  requi red ,  along wi th  n'ew modes of c o n t r o l  ak in  
t o  d i r e c t  l i f t  cont ro l .  

A high wing loading t r a n s p o r t  may 

Unloading a p o r t i o n  

Thus, maneuver load  c o n t r o l  might tend t o  l i m i t  wing 

Gust Loading 

Gust loading  is  t h a t  p o r t i o n  of f o r c e s  a c t i n g  on the airframe which 
r e s u l t  from atmospheric d i s turbances .  

Gust-load c o n t r o l  i s  accomplished by t h e  fol lowing means : 
o Cont ro l l ing  t h e  a i rcraf t  i n  such a way as t o  produce a n e t  

incremental  load f a c t o r  which tends t o  cancel t h e  n e t  gust-induced 
load  f a c t o r .  Because of a i r c r a f t  i n e r t i a ,  t h i s  is  b e s t  accomplished 
w i t h  direct l i f t  c o n t r o l  devices .  

o Cont ro l l ing  the d i s t r i b u t i o n  of t h e  incremental  load  which tends t o  
cancel t h e  gust-induced l o a d  i n  such a way t h a t  their d i s t r i b u t i o n s  
are similar. 
Augmenting damping f o r  modes e x c i t e d  by gus ts .  o 

The e x t e n t  t o  which gust-load c o n t r o l  is  e f f e c t i v e  i n  performing a l l  t h r e e  
l i s t e d  func t ions  can have a s i g n i f i c a n t  i m p a c t  upon the s t r u c t u r a l  s t r e n g t h  
and f a t i g u e  requirements.  

Experience c i t e d  f o r  the panel  ind ica ted  t h a t  the impact of maneuver and 
gust-load c o n t r o l  on reduct ion  of s t r u c t u r a l  requirements tends t o  be s i g n i f i -  
cant  only when both maneuver and gust-load c o n t r o l  are p r a c t i c e d  simultaneously.  
I f  only one of these load-control  o b j e c t i v e s  is addressed, then t h e  o t h e r  
source of  loading  becomes cr i t ical  before  any s i g n i f i c a n t  reduct ion  i n  
s t r u c t u r a l  requirements i s  r e a l i z e d .  

Fatigue 

C y c l i c a l  loading is produced by f o r c e s  appl ied  t o  the a i r f rame which 
r e s u l t  i n  stress-level o s c i l l a t i o n s  i n  t h e  s t r u c t u r e .  Fat igue damage r e s u l t s  
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from accumulated stress cycles a t  given stress levels and a t  c r i t i ca l  points  i n  
the  airframe. Fatigue damage cont ro l  is a technique f o r  reducing the  f a t igue  
damage rate by using ac t ive  controls  t o  reduce the number of t r ans i en t  cycles 
a t  the  higher stress l eve l s  t o  which the s t ruc tu re  is subjected during 
operat  ion. 

The frequency range of damaging loads extends from once per 100 f l i g h t s  
(e.g., from very "firm" landings) t o  the once per f l i g h t  of the so-called 
ground-air-ground (GAG) cycle and t o  the  characteristic frequency of t he  

The t r ans i t i on  between the ground mean loading and t h e  
airborne mean loading of the  GAG cycle  accounts f o r  as much as 80% of f a t igue  
damage on the lower wing sk in  on some contemporary t ranspor t  a i r c r a f t .  Most of 
the remaining damage accrues from incremental loads i n  the 1/4- t o  1/2-g range. 

i response t o  turbulence. 

Since the mean-to-mean f luc tua t ion  of the  GAG cycle is not amenable to  
cont ro l ,  ac t ive  cont ro l  o f f e r s  po ten t i a l  reduction pf longi tudina l  loads only 
f o r  t he  incremental load f luc tua t ion  about the mean l e v e l  of the GAG cycle.  
Large po ten t i a l  f o r  load reduction e x i s t s  f o r  la teral  loads because there  i s  
no GAG cycle e f f e c t .  

Much of the panel discussion centered around t h e  appl icat ion of the 
classical, r a t h e r  a r b i t r a r y  approach of a d i s c r e t e  gust versus  the  more modern 
approach of " ra t iona l  probabi l i ty  analysis"  coupled with carefu l  mission 
ana lys i s .  
developing s t a t i s t i c a l  methods and performing mission analyses i n  order t o  
r e a l i z e  the  bene f i t s  t o  be gained from the appl icat ion of ac t ive  cont ro ls  t o  
load a l l ev ia t ion .  The obvious point  here is t h a t  i f  carefu l  mission ana lys i s  
is applied t o  t h e  ca lcu la t ion  of the f a t igue  l i f e  of the a i r c r a f t  and i f  the  
load a l l ev ia t ion  cont ro l  systems are assumed a c t i v e  during the  e n t i r e  l i f e  of 
t he  a i r c r a f t ,  the  weight of the  a i r c r a f t  s t ruc tu re  could be reduced f o r  the 
same fa t igue  l i f e .  Studies confirming t h i s  are s t i l l  i n  progress and it  i s  
d i f f i c u l t  a t  t h i s  t i m e  t o  come up with d e f i n i t e  cri teria.  
agreed t h a t  t he  combination of maneuver load cont ro l  plus  gust  load 
a l l e v i a t i o n  can r e s u l t  i n  reductions of load f luc tua t ion .  

The majority of t he  panel agreed tha t  w e  must go even f u r t h e r  i n  

However, the  panel 

Other Load Limiting 

Other forms of load l imi t ing  are a l so  useful .  
no t  only l i m i t s  t he  a i rp lane  maneuver envelope but  tends t o  l i m i t  t h e  maximum 
load on the  surface i t s e l f .  
on jet t ransports .  Flap blowback o r  def lec t ion  l imi t ing  is  i n  use on several  
a i r c r a f t  t o  l i m i t  s t r u c t u r a l  loads.  Rudder def lec t ion  l imi t ing  as a function 
of f l a p  angle and airspeed is a l so  commonly employed. 
modes are used t o  reduce s t r u c t u r a l  weight and margins, the use of bhese 
approaches w i l l  have t o  be considered i n  concert  with the other  control  
modes in a syne rg i s t i c  design procedure. 

Surface ac tua tor  capabi l i ty  

Many examples of load l imi t ing  are i n  use today 

As other  active control  
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Envelope Limiting 

Envelope l i m i t i n g  r e f e r s  t o  those  func t ions  i n  an a c t i v e  c o n t r o l  system 
t h a t  prevent  o r  discourage opera t ion  of t h e  a i r c r a f t  o u t s i d e  its design o r  
opera t ing  envelope. 

Every t r a n s p o r t  a i r c r a f t  c u r r e n t l y  has some form of envelope l i m i t  warning 
and envelope l i m i t i n g ,  a l though n o t  u s u a l l y  i n  t h e  ACT sense.  
warning takes t h e  form of s t i c k  shaker systems which w a r n  of an approach t o  t h e  
s t a l l  and overspeed warning systems which warn t h a t  m a x i m u m  opera t ing  speeds 
have been exceeded. Envelope l i m i t i n g  is provided by p i l o t  s t r e n g t h  l i m i t a -  
t i o n s ,  c o n t r o l  s u r f a c e  a c t u a t o r  c a p a b i l i t y ,  s t i c k  pushers ,  a u t o p i l o t  a u t h o r i t y ,  
and a u t o p i l o t  automatic c u t o f f s  (ACO), f o r  example. The l i m i t s  provided by 
p i l o t  o r  a c t u a t o r  s t r e n g t h  may o r  may n o t  be wi th in  t h e  s t r u c t u r a l  desigrL 
envelope of the a i r c r a f t .  For ins tance ,  t h e  p i l o t  does, i n  some f l i g h t  regimes, 
have t h e  c a p a b i l i t y  of exceeding the design l i m i t  loads  about a l l  axes. 

Envelope l i m i t  

The concept of envelope l i m i t i n g  is now being appl ied  t o  f i g h t e r  a i r c r a f t  
t o  a l low use  of t h e  f u l l  maneuver envelope without danger of a s t a l l - s p i n  
departure .  For t r a n s p o r t  a i rcraf t ,  t h e  incorpora t ion  of a c t i v e  c o n t r o l  could 
supplement the present  warning and l i m i t i n g  fea tuxes  with an automatic func t ion  
which prevents  t h e  a i r c r a f t  from e n t e r i n g  i n t o  a forbidden f l i g h t  regime. 
Angle of a t t a c k  and s i d e s l i p  l i m i t i n g  could avoid p o s t - s t a l l  loads  and f l i g h t  
characteristics problems, and reduce v e r t i c a l  t a i l  loads.  Overspeed l i m i t i n g  
could reduce t h e  requi red  margin between maximum opera t ing  and design d i v e  
speeds,  as shown i n  Figure 5, reducing design loads  and allowing a l i g h t e r  
s t r u c t u r e .  The p o s s i b i l i t y  of atmospheric-caused upset: must be considered i n  
es tabl ishment  of minimum margins. 
t h e  f l i g h t  c o n t r o l  system w i l l  s a t i s f a c t o r i l y  handle t h i s  j o b  even i n  t h e  back- 
up o r  degraded o p e r a t i o n a l  modes t o  assure  t h a t  t h e  a i r c r a f t  is  operated wi th in  
the cr i ter ia  e s t a b l i s h e d  f o r  s t r e n g t h  of t h e  s t r u c t u r e .  
ever, that G-limiting might n o t  be d e s i r a b l e ,  as t h e r e  have been s e v e r a l  cases 
where the a b i l i t y  of an a i r c r a f t  t o  exceed t h e  design l i m i t  load  f a c t o r  may 
have avoided a c a t a s t r o p h i c  acc ident  fol lowing upse ts  a t  low a l t i t u d e s .  

It would then b e  necessary t o  assure  t h a t  

The panel - fe l t ,  how- 

F l u t t e r  Control 

F l u t t e r  c o n t r o l  r e f e r s  t o  t h e  use of automatic c o n t r o l  func t ions  which 
a l ter  t h e  apparent s t r u c t u r a l  mass o r  s t i f f n e s s ,  o r  aerodynamic damping. 
w a s  t h e  unanimous opinion of the panel  that active f l u t t e r  c o n t r o l  must b e  
considered as p a r t  of ACT even i f  i t  may n o t  f i n d  commercial a p p l i c a t i o n  i n  
the near  f u t u r e .  A t  p r e s e n t ,  t h e  n a t u r e  of t h e  c o n t r o l  l a w  f o r  achieving t h e  
required augmentation seems extremely s e n s i t i v e  t o  t h e  unsteady aerodynamic 
f o r c e s  and is a l s o  s e n s i t i v e  t o  the mass and s t i f f n e s s  d i s t r i b u t i o n s  of the  
airframe. It should a l s o  b e  s t r e s s e d  t h a t  the f l u t t e r  c e r t i f i c a t i o n  of the  
a i r c r a f t  and t h e  f l u t t e r  s a f e t y  margins w i l l  b e  inf luenced by t h e  presence of 
o t h e r  active c o n t r o l  func t ions .  For ins tance ,  i n  t h e  case of re laxed  inherent  
s t a b i l i t y ,  it is  necessary t o  have a r e l a t i v e l y  wide bandwidth c o n t r o l  system 
t o  cope wi th  the uns tab le  s h o r t  per iod  mode r o o t s ,  
t i g h t l y  couple w i t h  the b a s i c  f l u t t e r  modes of t h e  wing-nacelle-fuselage 
combinations on a l a r g e  t r a n s p o r t  a i r c r a f t .  

It 

T h i s  c o n t r o l  system w i l l  

This w i l l  mean t h a t  the s a f e t y  
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margin criteria f o r  f l u t t e r  w i l l  b e  a func t ion  of t h e  c o n t r o l  system loop g a i n s  
and genera l  design. 
account f o r  backup modes of opera t ion  of t h e  f l i g h t  c o n t r o l  system. 

Criteria will a l s o  have t o  b e  c a r e f u l l y  developed t o  

DESIGN CONSIDERATIONS AND RJlGULATIONS 

Key elements in br inging  ACT t o  t h e  poin t  of commercial a p p l i c a t i o n  are: 
o 
o Limi ta t ions  on ACT a p p l i c a t i o n s  that may b e  imposed by 

o A v a i l a b i l i t y  of proven design p r a c t i c e s  t o  guide t h e  combined 

A v a i l a b i l i t y  of proven design criteria 

r e g u l a t i o n s  

a p p l i c a t i o n  of ACT func t ions .  
W e  are concerned mainly w i t h  t h e  f i r s t  two i t e m s  i n  t h i s  paper. 

Design criteria are derived from many sources .  Perhaps t h e  most important 
are the manufacturer ' s  experience and design philosophy. 
f inanced by NASA and DOD provide a l a r g e  fund of suggested cr i ter ia  and d a t a  
which t h e  des igner  uses  i n  s e l e c t i n g  h i s  criteria f o r  a p p l i c a t i o n .  

For m i l i t a r y  a i r c r a f t ,  mandatory m i l i t a r y  s p e c i f i c a t i o n s  are u s u a l l y  
appl ied  t o  o b t a i n  what are considered t o  b e  good c h a r a c t e r i s t i c s .  I n  t h e  c i v i l  
o r  commercial world competit ion u s u a l l y  ensures  that the a i r c r a f t  have t h e  b e s t  
characteristics obta inable ,  w i t h i n  reason. Safe ty  is t h e r e f o r e  t h e  primary 
purpose of t h e  a i rwor th iness  requirements contained i n  P a r t  25 of t h e  Federal  
Aviat ion Regulations.  These requirements must always be kept  i n  mind, as they 
are the s tandard  by which a i rwor th iness  of t h e  aircraft  w i l l  be judged, 
Besides t h e  U.S. FAA r e g u l a t i o n s ,  the designer  must a l s o  consider  t h e  requi re -  
ments t h a t  may b e  imposed by o t h e r  n a t i o n s  on a i r c r a f t  o f fe red  f o r  sale w i t h i n  
t h e i r  t e r r i t o r y .  Among n a t i o n s  having s p e c i f i c  a i rwor th iness  requirements are 
t h e  United Kingdom, France, t h e  Netherlands,  Germany, I ta ly ,and  Aus t ra l ia .  

S tudies  performed o r  

E x i s t i n g  Federa l  Airworthiness Regulations (FARs) i n  P a r t  25 do n o t  p l a c e  
many s i g n i f i c a n t  c o n s t r a i n t s  on t h e  a p p l i c a t i o n  of ACT. 
which are imposed tend  t o  be of t h e  fol lowing kinds: 

Those c o n s t r a i n t s  

o I n t e r p r e t a t i o n s  of t h e  fundauental  regula t ion  i n t e n t  w e r e  no t  made 

o P r a c t i c a l  cons idera t ions  f o r  demonstrating compliance sometimes 
i n  a context  which included ACT. 

r e q u i r e  a r b i t r a r y  maneuvers, tests, o r  environments which have 
no counterpar t s  in normal o r  degraded modes of operat ion.  
The view of acceptab le  s a f e  p r a c t i c e  tends t o  be c o n s i s t e n t  wi th  
t h e  c u r r e n t  o r  r e c e n t  p a s t  state of t h e  art  but  n o t  t o  t h e  pro jec ted  
s ta te  of the art .  

o 

Exis t ing  r e g u l a t i o n s  [FAR 25.21(e) ] a l r e a d y  recognize that acceptable  
f l i g h t  characteristics may depend upon a s t a b i l i t y  augmentation system o r  upon 
o t h e r  automatic o r  power-operated systems. This  c l e a r l y  admits ACT systems as 
w e l l .  Revisions t o  the r e g u l a t i o n s  found necessary f o r  ACT w i l l  probably 
i n i t i a l l y  take the form of s p e c i a l  condi t ions  f o r  c e r t i f i c a t i o n .  
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In  the  following paragraphs we w i l l  d i scuss  some of the  important design 
c r i t e r i a  and regulatory problems a f f ec t ing  the implementation of ACT. 

R e l i a b i l i t y  - Safety 

The immediate reac t ion  of most designers when faced with consideration of 
ACT i s  t o  raise the question of r e l i a b i l i t y  and safety--"that thing i s n ' t  
replacing s t ruc tu re  i n  my a i rp l ane  u n t i l  it has demonstrated the same 
r e l i a b i l i t y  as primary s t ructure" .  

It is  apparent t h a t  s a f e t y  must n o t  be compromised, and that the criteria 
f o r  ca tas t rophic  f a i l u r e  w i l l  be b a s i c a l l y  unchanged. 
ove ra l l  funct ion r e l i a b i l i t y  is  achieved i n  cont ro l  and v i t a l  power systems by 
increasing redundancy f o r  those funct ions that do no t  have the des i red  
r e l i a b i l i t y .  For example, c o n t r o l l a b i l i t y  of the  wide-body j e t  t ranspor t s  is 
dependent on i n t e g r i t y  of the  hydraul ica l ly  powered controls .  
s a fe ty  of f l i g h t  i s  provided by mul t ip le  hydraul ic  systems. 
of f a i l u r e s ,  i t  is, of course,  advisable t o  terminate the  f l i g h t  at the  neares t  
s u i t a b l e  a i r p o r t  i n  order  t o  minimize exposure t i m e  i n  a non-redundant 
configuration. 

The required level of 

R e l i a b i l i t y  f o r  
After some number 

One di f fe rence ,  however, i s  that  f a i l u r e s  of present ly  u t i l i z e d  ac t ive  
cont ro l  funct ions do not  usua l ly  r e s u l t  i n  reductions i n  s t r u c t u r a l  capab i l i t y  
under normal f l i g h t  conditions,  whereas proposed ACT funct ions w i l l ,  i n  e f f e c t ,  
replace primary s t ruc ture .  This does not  necessar i ly  mean t h a t  these funct ions 
must b e  as r e l i a b l e  as the bas i c  s t ruc tu re ,  however. The s t r eng th  requirements 
w i l l  be m e t  already considering a t  least one f a i l u r e ,  so tha t  no reduction i n  
necessary capabi l i ty  should occur f o r  the f i r s t  f a i l u r e .  An assessment of 
s i t u a t i o n  seve r i ty  and a l i s t  of means ava i l ab le  f o r  reducing r i s k s  presented 
by f a i l u r e s  i n  ACT funct ions is given i n  Table 2. 
means of cont ro l l ing  the  r i s k :  

There are three  p r inc ipa l  

o Control system redundancy 
o 
o Reduced operating envelope 

Actuation and/or sur face  au tho r i ty  d i s t r i b u t i o n  

The u l t imate  l e v e l s  of r e l i a b i l i t y  w i l l  be required only f o r  those funct ions 
upon which s a f e  termination of the f l i g h t  depends. 

Autoland systems are present ly  achieving the  required r e l i a b i l i t y ,  but 
f o r  only a sho r t  exposure period during each f l i g h t .  
required MTBF as a funct ion of the number of systems required t o  achieve a 
probabi l i ty  of complete f a i l u r e  of no t  more than 1 x during a three  hour 
f l i g h t .  

Figure 6 shows the 

The problems with r e l i a b i l i t y  are l i k e l y  t o  occur within the  sensing, 
computing, and d isp lay  funct ions which are today l a r g e l y  r e s t r i c t e d  to  f l i g h t  
guidance and cont ro l  systems (FGCS). 
are i n  the order  of 300 t o  800 hours. Although individual  syst;em r e l i a b i l i t y  
improvement is s t i l l  required,  Figure 6 shows t h a t  the o v e r a l l  r e l i a b i l i t y  goal 
may be s a t i s f i e d  w i t h  a reasonable number of redundant systems. Charac te r i s t ic  
systems f o r  this  appl ica t ion  w i l l  include mult iple  channel command paths  in  
which f a i l u r e s  w i l l  b e  annunciated, thus providing the p i l o t  w i t h  system 

Typical MTBF values  f o r  these systems 
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degradation information enabling h i m  t o  take cor rec t ive  ac t ion  p r i o r  t o  t o t a l  
system f a i l u r e .  Ultimately however, improved r e l i a b i l i t y  goals  and techniques 
must be derived and imposed, bu t  must always include a sens ib l e  system f a i l u r e  
mode and annunciation capabi l i ty .  

An associated problem is the FAA requirement f o r  determining t h a t  s a f e  
r e l a t e d  systems are funct ioning p r i o r  t o  dispatch.  D i f f i c u l t i e s  i n  determining 
sensor s t a t u s  have prevented taking c r e d i t  f o r  automatic cut-offs (ACO) i n  
l imi t ing  the consequences of au top i lo t  hardover f a i l u r e s ,  i n  some cases.  
w i l l  r equi re  design of systems which can be s a t i s f a c t o r i l y  checked on the  ground. 

This 

R e l i a b i l i t y  i s  present ly  es tab l i shed  i n  a manner whereby elements of t he  

" 
system can be s p e c i f i c a l l y  iden t i f i ed  i n  a r e l i a b i l i t y  block diagram and ,the 
r e l i a b i l i t y  of each element is ava i lab le .  The r e l i a b i l i t y  of the avionics 
elements contr ibut ing t o  the  f l i g h t  s a fe ty  of a cont ro l  configured vehic le  
w i l l  be s i g n i f i c a n t l y  more complex. Not only are the re  many more elements, but  
t h e  software i s  an add i t iona l  f a c e t  which must be evaluated. Accomplishing the  
f a i l u r e  and probabi l i ty  analyses of these complex systems is  a major t a sk  i n  
i t s e l f ,  and i s  not  wi th in  the present state of the  ar t  f o r  those ACT funct ions 
not  y e t  f u l l y  developed. In  some cases, f a i l u r e  analyses have been required 
t o  prove that c e r t a i n  types of f a i l u r e s  w e r e  impossible, which i n  i t s e l f  may 
be a near ly  impossible task.  

R e l i a b i l i t y  - Economics 

The economics w e  r e f e r  t o  here  i s  t h a t  of dispatch r e l i a b i l i t y ,  no t  
maintenance cos t s ,  although the  l a t te r  are c e r t a i n l y  important. 

A t y p i c a l  design goal  f o r  dispatch r e l i a b i l i t y  i s  t h a t ,  mechanically, t he  
a i r c r a f t  shall  be capable of departure  within 15 minutes of the scheduled t i m e  
99 percent of the t i m e .  This goal i s  very s t r i n g e n t  and is cur ren t ly  being 
achieved cons is ten t ly  by only one t ranspor t  a i r c r a f t ,  t he  DC-9. The design of 
t h i s  a i r c r a f t  emphasized s impl i c i ty  and r e l i a b i l i t y ,  whereas the  design of 
later a i r c r a f t  has emphasized performance, with a r e su l t i ng  increased 
complexity. 

This dispatch goal  produces a des i r e  t o  have your cake and eat i t ,  too. 
The bene f i t s  of more complex systems are desired but i t  is a l s o  des i r ab le  t o  
allow d ispa tch  w i t h  as many things as poss ib le  inoperat ive o r  missing. It is 
common t o  f ind  f l i g h t  manuals and minimum equipment lists f i l l e d  with 
information f o r  covers, doors, and f a i r i n g s  missing o r  f o r  hydraulic pumps, 
yaw dampers, Mach t r i m  systems, au topi lo ts ,  an t i sk id ,  and t h r u s t  reversers  
inoperat ive.  In  many cases, the bene f i t s  t o  be obtained from, and therefore  
dependency on, some systems are l imi ted  by the  c r i t e r i a  f o r  inoperat ive 
dispatch.  

The goal of 1% delay rate is typ ica l ly  a l loca ted  among the var ious air- 
c r a f t  systems as shown i n  Figure 7. The p i l o t  cont ro ls  and FGCS are a l l o t t e d  
0.005% and 0.10%, respec t ive ly .  The s m a l l  s i z e  of these  percentages does allow 
some increase  without having a major impact on delay rate, but  the accompanying 
impact on maintenance and spares  a v a i l a b i l i t y  may be s ign i f i can t .  

688 



Flying  Q u a l i t i e s  

Design cri teria f o r  f l i g h t  c h a r a c t e r i s t i c s ,  o r  f l y i n g  q u a l i t i e s  of t rans-  
p o r t  a i r c r a f t  s e e m  t o  b e  in  good shape, judging by p i l o t  acceptance of t h e  
wide-body jet  t r a n s p o r t s .  There has been a s teady  improvement i n  f l y i n g  
q u a l i t i e s  b u t ,  a t  t h e  same t i m e ,  some i n c r e a s e  i n  t h e  p o s s i b l e  number of 
degraded s i t u a t i o n s  due t o  increased  system complexity and f a i l u r e  modes. 

Transport  a i r c r a f t  f l y i n g  q u a l i t i e s  research  in  t h e  U.S. has  received 
more of t h e  a t t e n t i o n  it deserves  i n  recent years  a f t e r  previously having t o  
t r y  t o  adapt f ighter-der ived criteria. 

Since t r a n s p o r t  aircraft  tend  t o  be developed by e v o l u t i o n  r a t h e r  than 
revolu t ion ,  t h e i r  f l y i n g  q u a l i t i e s  and c r i t e r i a  tend  t o  evolve s i m i l a r l y .  The 
FAA r e g u l a t i o n s  concent ra te  on classical s t a b i l i t y  c h a r a c t e r i s t i c s ,  p r imar i ly  
s ta t ic ,  and on s teady state c o n t r o l  requirements.  Control  response and air- 
c r a f t  dynamics r e c e i v e  s c a n t  mention, although awareness is much h igher  during 
a c t u a l  a i r c r a f t  eva lua t ion .  The need f o r  p o s i t i v e  s t a t i c  s t a b i l i t y  i s  s t i l l  
debated, but  i s  defended on t h e  grounds of s a f e t y ,  i.e., reduced p i l o t  work- 
load and f a t i g u e  p l u s  a tendency t o  s t a y  p u t  o r  even recover  from a d is turbance  
during per iods  of i n a t t e n t i o n .  

Automatic and augmented f l i g h t  c o n t r o l  systems have tended t o  evolve along 
a l i n e  d i f f e r e n t  from t h a t  of basic o r  inherent  f l i g h t  c h a r a c t e r i s t i c s  and 
c o n t r o l  modes. With t h e  advent of fully-augmented active c o n t r o l  systems, i t  
is  t i m e  t h a t  t h e  proper modes and parameters be determined. 

The primary axis of  concern i s  t h e  p i t c h  axis. I n  t h e  p a s t ,  t h e  provis ion  
of adequate inherent  p i t c h  s t a b i l i t y  h a s  tended t o  emphasize long per iod char- 
acteristics: static l o n g i t u d i n a l  s t a b i l i t y ,  l o n g i t u d i n a l  maneuvering s t a b i l i t y ,  
and speed o r  f l i g h t  p a t h  s t a b i l i t y .  When these  c h a r a c t e r i s t i c s  are s a t i s -  
f a c t o r y ,  and the conf igura t ion  is a r e l a t i v e l y  convent ional  one, dynamic 
s t a b i l i t y  (short  per iod  mode) is genera l ly  completely s a t i s f a c t o r y  . The 
e l e v a t o r  o r  l o n g i t u d i n a l  c o n t r o l  is, over  t h e  long t e r m ,  an a i r speed  c o n t r o l  
and t h e  t h r o t t l e s  are pr imar i ly  a f l i g h t  pa th  c o n t r o l  i n  s t r a i g h t  f l i g h t ;  i n  
a somewhat s i m p l i f i e d  sense.  I n  a c t u a l  p r a c t i c e ,  t h r u s t  changes usua l ly  
produce some t r i m  change a l s o ,  thus a f f e c t i n g  t h e  trimmed a i r speed .  With t h e  
u s u a l  nose-up t r i m  change with increased t h r u s t ,  applying forward t h r o t t l e  w i l l  
a c t u a l l y  r e s u l t  in a slower a i r speed  b u t  an increased climb angle .  

The i n i t i a l  response of the a i r c r a f t  t o  rapid c o n t r o l  usage is not  t h e  
same as t h e  f i n a l  e f f e c t s  on trimmed f l i g h t ,  however. Elevator  i n p u t s  produce 
a change i n  angle  of a t t a c k ,  seen by t h e  p i l o t  as an a t t i t u d e  change, which 
only gradual ly  mani fes t s  i t s e l f  as a change of a i r speed .  The immediate normal 
a c c e l e r a t i o n  and the u l t i m a t e  change i n  a i r speed  w i l l  cause a change i n  f l i g h t  
p a t h  and, as a r e s u l t ,  i n  a l t i t u d e  u n l e s s  t h e  t h r o t t l e s  are adjus ted  t o  
maintain the long t e r m  path.  

Advancing the t h r o t t l e  produces an i n i t i a l  a c c e l e r a t i o n  which i s  gradual ly  
transformed i n t o  a change i n  f l i g h t  p a t h  angle  u n l e s s  r e s t r a i n e d  by t h e  
e l e v a t o r  cont ro l .  I f  there is a l a r g e  e f f e c t  of t h r u s t  on p i t c h i n g  moment, 
a t t i t u d e  changes w i l l  a l s o  occur.  
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Because of these  immediate responses,  t h e  c o n t r o l s  are used i n  t h i s  
manner when a c c u r a t e  f l i g h t  pa th  t racking  i s  requi red  over t h e  s h o r t  term. I n  
f a c t ,  many p i l o t s  b e l i e v e  t h i s  is t h e  only c o r r e c t  d e f i n i t i o n  of t h e  c o n t r o l  
modes. 

The usua l  implementation of automatic f l i g h t  c o n t r o l  systems has  been 
based on t h i s  short-term c o n t r o l  response. 
e a r l y  j e t  t r a n s p o r t s  t y p i c a l l y  incorporated a t t i t u d e  and a l t i t u d e  hold modes. 
Later a u t o p i l o t  designs incorpora te  vertical  speed, a i r speed ,  and Mach hold 
modes, t h e  l a t t e r  two more i n  t h e  l i n e  with t h e  long term elevator-as-airspeed- 
c o n t r o l  p r i n c i p l e .  Later a u t o p i l o t s  a l s o  inc lude  turbulence modes, u s u a l l y  a 
loose  a t t i t u d e  hold wi th  p i t c h  rate damping. This mode evolved from experience 
when i t  w a s  determined that  a t t i t u d e  c o n t r o l  o f f e r e d  t h e  b e s t  chance of 
avoiding u p s e t s  when f l y i n g  i n  t u r b u l e n t  o r  stormy weather. 

Autopi lo ts  on propel ler-dr iven and 

The advent of t h e  a u t o t h r o t t l e  system, which tries t o  maintain a i r speed  
w i t h  t h e  t h r o t t l e s ,  d e a l t  a body blow t o  t h e  elevator-airspeed c o n t r o l  pro- 
ponents. 
s t e e r i n g  (CWS), i n  which t h e  p i l o t  f l i e s  t h e  a i r p l a n e  through a rate command, 
a t t i t u d e  hold  mode of c o n t r o l .  
because t h e  a i r p l a n e  i s  e s s e n t i a l l y  always in, t r i m  when t h e  c o n t r o l s  are 
re leased .  

The f i n a l  blow w a s  adminis tered by t h e  in t roduct ion  of c o n t r o l  wheel 

This  system can reduce t h e  p i l o t ’ s  workload 

What i s  t h e  e f f e c t  of these  c o n t r o l  modes? Since t h e  e l e v a t o r  is 
i n h e r e n t l y  a displacement c o n t r o l ,  mechanizing it 9s a rate c o n t r o l  s i g n i f i -  
c a n t l y  changes t h e  a i r p l a n e ’ s  c h a r a c t e r i s t i c s .  
s t a b i l i t y  and s ta t ic  s t a b i l i t y  become meaningless, as t h e  a i r p l a n e  has  n e u t r a l  
o r  no s t a b i l i t y  i n  terms of these  f l i g h t  parameters.  Singly o r  i n  combination, 
a u t o t h r o t t l e s  and CWS can produce n e u t r a l  o r  divergent  f l i g h t  pa th  s t a b i l i t y  on 
what would otherwise be a s t a b l e  a i r c r a f t .  
i n  Figure 8, which shows a i r p l a n e  response fol lowing a pilot-induced u p s e t  
during landing approach. The b a s i c  a i r p l a n e ,  Figure %a, i s  i n h e r e n t l y  s t a b l e  
and recovers  t o  t h e  t r i m  a t t i t u d e  and a i r speed .  
8b, t h e  a t t i t u d e  and f l i g h t  pa th  diverge fol lowing the upset .  Control-wheel- 
s t e e r i n g ,  8c,’ prevents  a t t i t u d e  divergence b u t  a l s o  maintains  t h e  a i r p l a n e  a t  
t h e  commanded upse t  a t t i t u d e  as t h e  f l i g h t  p a t h  d iverges .  
CWS, i t  must be s a i d  t h a t  i t  i s  much less s u s c e p t i b l e  t o  e x t e r n a l  d i s turbances  
than t o  pilot-induced upse ts .  

Conventional maneuvering 

This is g r a p h i c a l l y  i l l u s t r a t e d  

With a u t o t h r o t t l e s  engaged, 

To t h e  c r e d i t  of 

These CWS systems do n o t  allow compliance with t h e  s t a b i l i t y  requirements 
of FAR 25.173 and .175. 
c o n t r o l  nodes under t h e  requirements of FAR 25.1329 and Advisory C i r c u l a r  
25.1329-18. 
f o r e  n o t  been evaluated a g a i n s t  t h e  b a s i c  s t a b i l i t y  requirements.  
requirements t h e r e f o r e  present  a p o s s i b l e  problem area in  t h e  implementation 
of active c o n t r o l s ,  depending on the  c o n t r o l  modes s e l e c t e d .  

They have been c e r t i f i c a t e d  b a s i c a l l y  as a u t o p i l o t  

They are n o t  considered a s  primary c o n t r o l  modes and have there-  
These 

Two types of augmentation would be requi red  t o  match i n h e r e n t  s t a b i l i t y  
c h a r a c t e r i s t i c s :  
f a i r l y  e a s i l y  accomplished but  t h e  former r e q u i r e s  d i r e c t  measurement o r  a 
combination of measurement and computation. 
t h e  c u r r e n t  state of the art ,  although accuracy of e i t h e r  computed o r  measured 

angle  of a t t a c k  s t a b i l i t y  and p i t c h  damping. The l a t te r  is 

Computed angle  of a t t a c k  is  wi th in  



c1 may b e  marginal f o r  u s e  a t  high a i r speeds .  I n  any case, cons iderable  work 
needs t o  be done t o  s p e c i f y  the proper f l y i n g  q u a l i t y  parameters f o r  a i rwor th i -  
ness  eva lua t ion .  Both t h e  i n d u s t r y  and t h e  FAA are active i n  t h i s  area and 
some changes may r e s u l t  from t h e  formal review of t h e  r e g u l a t i o n s  t o  be he ld  
later this year .  

The envelope l i m i t i n g  f u n c t i o n  of ACT may a l s o  nega te  t h e  r e g u l a t i o n  
s t a l l i n g  speed and c h a r a c t e r i s t i c s  requirements.  
i n  t h i s  event  t o  s u b s t i t u t e  the c o n t r o l  l i m i t e d  minimum speed concept. 

It would seem appropr ia te  

S t r u c t u r e s  

The b a s i c  impact upon s t r u c t u r a l  design cr i ter ia  due t o  t h e  a p p l i c a t i o n  
of active c o n t r o l  is i n  t h e  area of s t r u c t u r a l  loads .  I n  t h i s  area it is not  
only d e s i r a b l e  but  a l s o  f e a s i b l e  t o  r e t a i n  a cons iderable  p o r t i o n  of t h e  
s t r u c t u r a l  design c r i te r ia  which have l e d  t o  t h e  c u r r e n t  genera t ion  of t rans-  
p o r t  a i r c r a f t ,  For instance t h e  l-cos g u s t ,  as c u r r e n t l y  appl ied  t o  a i r c r a f t  
load c a l c u l a t i o n s ,  is  perhaps n o t  conceived on the  most r a t i o n a l  b a s i s ,  b u t  i t  
n e v e r t h e l e s s  serves as a s tandard,  and i t  is  not  necessary t o  modify it j u s t  
t o  permit active c o n t r o l s  i n  t h e  design. 

Maneuver design criteria, on t h e  o t h e r  hand, should be reviewed f o r  
active c o n t r o l s  a p p l i c a t i o n .  
c r i t e r i o n  i s  deeply entrenched i n  our cur ren t  t r a n s p o r t  design philosophy and 
designs major p o r t i o n s  of t h e  s t r u c t u r e .  Ins tances  are c i t e d  where t r a n s p o r t  
a i r c r a f t  have had t o  develop t h i s  maximum load f a c t o r  in  order  t o  surv ive  an  
upset .  These i n s t a n c e s  caused t h e  panel  t o  adopt a negat ive  p o s i t i o n  on g 
l i m i t i n g ,  as mentioned previously.  
t o  re-examine t h e  condi t ions  lead ing  t o  these  maximum l o a d  f a c t o r  maneuver 
requirements and determine whether a c t i v e  c Q n t r o l s  prevent  one from ever  
g e t t i n g  i n t o  t h i s  reg ion  o r  perhaps whether active c o n t r o l s  can cause even more 
exaggerated maneuvers. I n  e i t h e r  case t h e  change i n  s t r u c t u r a l  weight of t h e  
a i r c r a f t  as a f u n c t i o n  of t h i s  maneuver requirement i s  considerable .  

For ins tance ,  t h e  b a s i c  -1, +2.5g load f a c t o r  

From a design cr i ter ia  s tandpoin t  we need 

Another i n s t a n c e  where criteria changes are necessary i s  i n  t h e  computa- 
t i o n  of a i r c r a f t  f a t i g u e  l i f e .  
is designed f o r  f a t i g u e ,  and as i n  the maneuver load  f a c t o r  case, the active 
c o n t r o l  system has a considerable  i n f l u e n c e  over a i r c r a f t  s t r u c t u r a l  response 
and hence f a t i g u e  l i f e .  It is n o t  clear t h a t  t h e  p r a c t i c a l  active c o n t r o l  
system w i l l  n e c e s s a r i l y  reduce t h e  response (and hence the s t r u c t u r a l  weight) 
of a l l  p o r t i o n s  of t h e  a i r c r a f t ,  bu t  i t  is  c l e a r  t h a t  f u t u r e  c r i te r ia  must 
d e a l  d i r e c t l y  wi th  the input  d a t a  requi red  t o  perform r a t i o n a l  p r o b a b i l i t y  
and mission a n a l y s i s  s t u d i e s .  
panel.  

Here aga in  a cons iderable  p o r t i o n  of s t r u c t u r e  

This conclusion w a s  s t r o n g l y  supported by t h e  

Another i n s t a n c e  where new s t r u c t u r a l  design criteria must b e  developed 
f o r  the a c t i v e  c o n t r o l l e d  a i r c r a f t  i s  i n  the area of abrupt  maneuver require-  
ments. The l o a d s  developed on the  s t r u c t u r e  during the abrupt  maneuver w i l l  
be very dependent: on how one chooses t o  mechanize t h e  c o n t r o l  system. 
ins tance  t h e  t r a n s i e n t  loads  developed during an abrupt  t i m e  sequence of 
e l e v a t o r  d e f l e c t i o n s  may b e  considerably d i f f e r e n t  from t h e  transient loads  

For 
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developed during a s i m i l a r  d e f l e c t i o n  h i s t o r y  of a f l y i n g  t a i l ,  although each 
may produce roughly t h e  same a i r c r a f t  C.G. a c c e l e r a t i o n .  
which depends on a func t ioning  active c o n t r o l  system a t  a l l  t i m e s  t h e  abrupt  
maneuver cr i ter ia  must d e a l  w i t h  d e f i n i n g  t h e  condi t ions  which cause t h e  
abrupt  maneuver, r a t h e r  than d e f i n i n g  t h e  c o n t r o l  s u r f a c e  t i m e  h i s t o r y .  The 
fol lowing are examples of these modes 

For t h e  a i rcraf t  

a) Transient  caused by switching from primary t o  backup systems 
b) 

e) 

Trans ien ts  caused by c o n t r o l  system f a i l u r e  modes such as, 
"hardover command" 
Evasive a c t i o n  f o r  c o l l i s i o n  avoidance. 

Control  Systems 

The criteria f o r  d e t a i l  design of convent ional  c o n t r o l  systems are 
predominantly developed by the manufacturers.  
regarding design t o  provide s a f e t y ,  ease of maintenance, and t o  prevent 
i n c o r r e c t  assembly, f o r  example. The implementation of active c o n t r o l s  w i l l  
n e c e s s i t a t e  the expansion of t h e s e  r u l e s  t o  inc lude  much more s o p h i s t i c a t e d  
a p p l i c a t i o n s .  
t r a n s p o r t  a i r c r a f t  have been designed and c e r t i f i e d  t o  opera te  without an 
o p e r a t i o n a l  a u t o p i l o t .  For t h e  a c t i v e l y  c o n t r o l l e d  t r a n s p o r t  t h e  f l i g h t  
c o n t r o l l e r  becomes a primary design cons idera t ion  along w i t h  s t r u c t u r e s ,  
aerodynamics, and propuls ion systems. It should be noted,  however, t h a t  a 
s tart  i n  this d i r e c t i o n  i s  being made wi th  t h e  design of t h e  YC-14 and YC-15 
advanced medium STOL t r a n s p o r t  prototypes.  

These inc lude  i n s t r u c t i o n s  

I n  t h e  p a s t  (with t h e  p o s s i b l e  except ion of t h e  yaw damper) 

One area which received cons iderable  a t t e n t i o n  from the  panel  i s  t h a t  of 
e s t a b l i s h i n g  a math model of t h e  a i r f rame and der iv ing  design cr i ter ia  f o r  
e s t a b l i s h i n g  parameter p e r t u r b a t i o n  analyses  on t h e  model. This is an area 
that has  received cons iderable  a t t e n t i o n  i n  m i s s i l e  and launch v e h i c l e  c o n t r o l  
system design. 
s i n g l e d  out by t h e  panel  as being t h e  p r i n c i p a l  problem areas. It w a s  f e l t  
t h a t  t h e  accuracy of e x i s t i n g  p r e d i c t i o n  methods w a s  inadequate f o r  optimum 
ACT system design. This  problem is  being approached by improving t h e  methods 
and by e x p l o r a t i o n  of i n s e n s i t i v e  f l i g h t  c o n t r o l  systems. 
is the v a r i a t i o n  i n  s t r u c t u r a l  dynamic and aerodynamic parameters due t o  
changes o r  d i f f e r e n c e s  i n  f u e l  and payload d i s t r i b u t i o n  t h a t  may occur during 
one f l i g h t  as w e l l  as between f l i g h t s ,  a long with t h e  v a r i a t i o n  of a i r speed ,  
a l t i t u d e ,  and Mach number encountered. Again, t h e  i n s e n s i t i v e  approach may 
prove t o  be t h e  b e s t  way t o  handle  this v a r i a t i o n  i n  parameters.  

Unsteady aerodynamics and s t r u c t u r a l  dynamic parameters were 

A r e l a t e d  problem 

The active c o n t r o l  system w i l l  a l s o  be much more demanding on c o n t r o l  
system components which are s u b j e c t  t o  wear. Because of the  h igher  g a i n s  
requi red  by the a c t i v e  c o n t r o l  system, c o n t r o l  system components w i l l  have 
t o  m e e t  t i g h t e r  s p e c i f i c a t i o n s ,  and remain w i t h i n  these  s p e c i f i c a t i o n s  through- 
out  the u s e f u l  l i f e  of the c o n t r o l  system. This  r e q u i r e s  new design cri teria 
f o r  components such as h y d r a u l i c  v a l v e s  and a c t u a t o r s  whose phase and ga in  
c h a r a c t e r i s t i c s  are a f f e c t e d  by wear. It w i l l  a l s o  r e q u i r e  t i g h t e r  to le rances  
on c o n t r o l  s u r f a c e  hinges i n  order  t o  prevent low amplitude,  f a t i g u e  causing, 
l i m i t  cycle  o s c i l l a t i o n s .  
handle out-of-tolerance condi t ions .  These condi t ions  can occur  due t o  

A t  t h e  same t i m e ,  t h e  automatic c o n t r o l l e r s  must 



manufacturing t o l e r a n c e s ,  aging,  w e a r ,  m a t e r i a l  f a i l u r e s ,  off-nominal power 
s u p p l i e s ,  and dynamic characteristics caused by changes i n  environmental 
condi t ions.  

A s  f l i g h t  c o n t r o l  systems become more complex, b u i l t - i n  test equipment 
(BITE) takes  on g r e a t e r  importance as a means f o r  improving s a f e t y ,  o p e r a t i o n a l  
r e l i a b i l i t y ,  and maintenance c o s t s .  The design requirements f o r  b u i l t - i n  test 
equipment must inc lude  not  on ly  s t a t i c  end t o  end checks of the c o n t r o l  system 
b u t  dynamic checks as w e l l .  The BITE requirements should inc lude  t h e  
c a p a b i l i t y  f o r  t h e s e  s t a t u s  and performance checks by continuous on-l ine 
tests, i n f l i g h t  pre-engage o p e r a t i o n a l  s t a t u s  tests, channel comparison 
monitoring, and ground maintenance tests. The i n f l i g h t  tests must be capable 
of d e t e c t i n g  f a i l u r e s  t o  t h e  f u n c t i o n a l  system l e v e l .  The ground checks must 
i s o l a t e  f a i l u r e s  t o  t h e  l i n e  rep laceable  u n i t  (LRU) l e v e l .  The complexity of 
t h e  systems as compared with t h e  l e v e l  of c a p a b i l i t y  of average maintenance 
personnel w i l l  r e q u i r e  very s t r i n g e n t  des ign  requirements t o  preclude f a u l t y  
maintenance and provide ease of f a u l t  i s o l a t i o n  and cor rec t ion .  It is  
important t o  n o t e  t h a t  t h e  background of miss i le  c o n t r o l  system experience w i l l  
do l i t t l e  t o  he lp  u s  formulate  design c r i te r ia  assoc ia ted  with many hours of 
continuous opera t ion .  

As one of t h e  s p e c i a l  condi t ions  i n  the  t r a n s p o r t  c e r t i f i c a t i o n  procedure,  

The cur ren t  means of complying 
i t  i s  s p e c i f i e d  that  the a i r p l a n e  w i l l  opera te  s a f e l y  f o r  a t  least  5 minutes 
wi th  the  primary electrical system inopera t ive .  
wi th  this requirement should n o t  be s e r i o u s l y  impacted by t h e  incorpora t ion  of 
a d d i t i o n a l  ACT func t ions .  For i n s t a n c e ,  several a i r c r a f t  have a i r -dr iven  
e lectr ical  genera tors  f o r  emergency u s e ,  and t h e  a d d i t i o n  of more ACT func t ions  
w i l l  only add t o  t h e  e l e c t r i c a l  load .  

PAR 25.671 r e q u i r e s  t h a t  t h e  a i r c r a f t  be c o n t r o l l a b l e  i f  a l l  engines  f a i l ,  
Here again t h e  c u r r e n t  means f o r  supplying electrical  and hydraul ic  power, i n  
the event  of a l l  engines having f a i l e d ,  should be s u f f i c i e n t  t o  s a t i s f y  t h e  
needs of a d d i t i o n a l  ACT func t ions .  

CONCLUSIONS 

It i s  clear from t h e  information out l ined  i n  this paper and from t h e  work 
of the NASA Panel ,  t h a t  a g r e a t  d e a l  of work remains t o  be done i n  t h e  area o f  
d e t a i l  design c r i te r ia  and design p r a c t i c e .  It i s  a l s o  apparent t h a t  t h e  
o v e r a l l  improvement t h a t  one can achieve by going t o  a c t i v e  c o n t r o l s  i s ,  with 
b u t  a few except ions,  n o t  being h e l d  back by c u r r e n t  regula t ions  and b a s i c  
design criteria. 

The area where the most work needs t o  be done i s  i n  t h e  d e t a i l  design 
criteria of t h e  c o n t r o l  system i t s e l f .  
d e r i v a t i o n  of reasonable  design c r i te r ia  f o r  t h e  design of advanced f l i g h t  
c o n t r o l l e r s .  Other problems are the achievement of t h e  r e l i a b i l i t y  goa ls  and 
production of hardware which can be maintained and manufactured at  c o s t s  
comparable t o  t h e  rest of the a i r c r a f t  c r i t i ca l  components. 

The problems c e n t e r  around t h e  
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A s  t h i s  work progresses ,  more ACT func t ions  w i l l  be  proven t o  be both 
r e l i a b l e  and p r a c t i c a l ,  and w i l l  be incorporated i n t o  t h e  advanced t r a n s p o r t  
designs.  
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TABLE 1 : ACT FUNCTION APPLICATION EXPERIENCE 

READINESS TRADE DATA MECHANIZED TESTED 

AIRCRAFT ACT FUNCTION 

EXPERIENCE 

Relaxed Inherent  
S t a b i l i t y  
Augmentation 

Center of Gravity 
Control 

Ride Qual i ty  
Control 

Yaw Damper 

M i l i t a r y  1 > 
Experimental1 3 

M i l i t a r y  I 3 
Experimen tab > 
M i l i t a r y  J 3 

M i l i t a r y  I 3 
Commer c i a l  
Transport  3 

Maneuver Load M i l i t a r y  I 3 
Control 

Gust Load Control M i l i t a r y  I 3 
Commercial , 
Transport  3 

Fatigue Damage M i l i t a r y  L 3 
Control 

F l u t t e r  Control M i l i t a r y  I 3 

Envelope M i l i t a r y  I 
Limiting Commer c ia l  

Transport  3 
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TABLE 2:  DEGRADED SITUATION SEVERITY AND MEANS AVAILABLE 

FOR MODIFYING RISKS PRESENTED BY FAILURES 

FUNCTION 

Relaxed Inherent  
S t ab ili t y Augment a t  io1 

Maneuver 

Lo ad Gust 
Control 

Fa t igue  
Damage 

F l u t t e r  Control 

~~ 

R i d e  Qual i ty  Control  

Envelope Limiting 

CG Control 

SEVERITY OF SITUATION 
WITH FUNCTION 

DEGRADATION 

Moderate-Very 

Negligible-Moderat e 

Neglig ible-Moderate 

Negl igible  

Very-Ex t r e m e  

Negligible-Moderate 

Negligible-Mod erat e 

Negl ig ib le  

MEANS AVAILABLE FOR MODIFYING 
RISKS PRESENTED BY FAILURES 

Redundancy + Authori ty  d i s t r i b u -  
t i o n  
Reduced opera t ing  envelope 
CG management 

Redundancy + Authori ty  d i s t r i b u -  
t i o n  
Reduced opera t ing  envelope 

Redundancy + Authori ty  d i s t r i b u -  
t i o n  
Reduced opera t ing  envelope 

Reduced opera t ing  envelope 

Redundancy + Authori ty  d i s t r i b u -  
t i o n  
Reduced opera t ing  envelope 

Redundancy + Authori ty  d i s t r i b u -  
t i o n  
Reduced opera t ing  envelope 

Redundancy 
Reduced opera t ing  envelope 

ReducSd opera t ing  envelope 
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CONVENTIONAL - ---- ACTIVE CONTROLS 

TAIL 
AREA 

E 

/ PITCH 
/ ACCELERATIO; 

RWAED CENTER OF GRAVITY LIMITS 

FIGURE 1. HORIZONTAL, TAIL AREA REQUIREMENTS 

NEUTRAL 
POINT 

TRIM 
DRAG 0 

- AFT 

CENTER OF GRAVITY LOCATION 

FIGURE 2 .  TRIM DRAG 
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l x  

l x  

l x  

(B-52 FLIGBT TEST - REFERENCE 8) 

LATERAL FREQUENCY - Hz 

FIGURE 3. RIDE QUALITY IMPROVEMENT 
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4a. UNLOADING OUTER WING 

4b. LOADING INNER WING 

FIGURE 4. MANEUVER LOAD CONTROL 
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FIGURF: 5. 
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FIGURE 6 .  SYSTEMS REQUIRED TO PROVIDE PROBABILITY OF FOR COMPLETE SYSTEM 
FAILURE 
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DISPATCH 

99% ON TIME 

FIGURE 7. DISPATCH RELIABILITY 
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